Calothrix rhizosoleniae and Richelia intracellularis are widespread heterocystous nitrogen-fixing cyanobacteria in nitrate-limited tropical oceans. Most of them are symbiotic with diatom hosts (SYM), but some are free-living (FL). We investigated FL abundance in the South China Sea and the Kuroshio on 36 cruises between 2001 and 2014. The field results showed overall FL abundances of 16-239 × 10 3 filaments m −2 and mean %FL (FL/(FL+SYM)) of 8.5 ± 1.0%. The morphological examination of 1382 FL filaments showed that 87.3% were Calothrix and 12.7% with features of Richelia were probably associated with Rhizosolenia. FL abundance increased with a deepening nitracline, increasing surface seawater temperature, and abundances of Chaetoceros-Calothrix and Rhizosolenia-Richelia symbioses. %FL decreased with a deepening nitracline, indicating symbiosis prevailed when nitrate was depleted. As the nitracline deepened further, however, %FL increased with a deepening phosphacline, implying that phosphate shortage would enhance dissociation even under nitrate depletion. An enrichment study showed that %FL increased when nitrate was added; conversely, the symbiosis was enhanced by added phosphate. The results indicate that nutrient fluctuation regulates the inter-related dynamics of FL and SYM and this nutrient dependence might be an ecological strategy important for the survival of the heterocystous cyanobacteria.
(iii) heterocyst-bearing filamentous (Subramaniam et al., 2008) . The unicellular cyanobacteria live freely and/or symbiotically with eukaryotic algae (Foster et al., 2011; Thompson et al., 2012) . Trichodesmium is free-living. The heterocystous species are almost absent from tropical seas (Staal et al., 2003) , except for a few species such as Calothrix rhizosoleniae (hereafter Calothrix), Richelia intracellularis (hereafter Richelia) and Anabaena gerdii. Anabaena gerdii is distributed sparsely (<5 filaments L −1 in the South Pacific and Indian Oceans) and exclusively freeliving (Carpenter and Janson, 2001) . Calothrix is often symbiotic epiphytically with chains of the diatom genera Chaetoceros and Bacteriastrum, while Richelia is endosymbiotic with cells of the diatom genera Rhizosolenia, Guinardia and Hemiaulus (Tuo et al., 2014) . These diatom-cyanobiont symbioses play significant roles in the euphotic food web and the biological pump in the tropical-subtropical oceans (Scharek et al., 1999) .
Studies on Calothrix and Richelia have focused mainly on the symbiotic populations (SYM), free-living Calothrix and Richelia (FL) have been mentioned briefly. The term "free-living" has been used generically to depict those that exist independently without attaching to any host diatoms, as opposed to the SYM populations. Unlike what the term "free-living" implies, some of the FL might have been dead before being collected. Several papers report the presence of free-living Richelia in the eastern Indian Ocean off Sumatra (Karsten, 1907) , the Sulu Sea (Gómez et al., 2005) , the Gulf of California (White et al., 2007) and the South China Sea (SCS) (Zhang et al., 2011) , and both free-living Calothrix and Richelia in the subtropical North Pacific (Foster et al., 2011) , but abundances are not given.
Genomic analyses suggest that these host-specific cyanobionts could be distinct species or strains (Janson et al., 1999; Foster and Zehr, 2006) . According to its genome, Calothrix is considered a facultative cyanobiont or an opportunist (Hilton et al., 2013) . Free-living Calothrix has been cultured successfully in nitrogen-depleted media (Foster et al., 2010) . Conversely, Hemiaulus-associated Richelia, which has a streamlined genome lacking nitrogen-metabolic pathways, is considered an obligate cyanobiont (Hilton et al., 2013) . The genomes of Rhizosolenia-and Guinardia-associated Richelia are still unknown and there remains a possibility for the occurrence of free-living Richelia. Some earlier descriptions suggested the possibility of free-living Richelia from Rhizosolenia; "trichomes were occasionally seen emerging from the diatom frustule through an opening conforming to the outline of the Richelia trichome" (Villareal, 1989) and "released filaments from the surface of symbiotic diatom plasmalemma lacking the frustule" (Gómez et al., 2005) . Nevertheless, isolation and culture of free-living Richelia from Rhizosolenia or Guinardia hosts has not been successful. Based on genomic information, the occurrence of free-living Calothrix would be expected, free-living Richelia from Hemiaulus seems unlikely, and Richelia from Rhizosolenia or Guinardia is unknown.
Morphological characters to distinguish FL filaments that were originally associated with different host species are crucial to quantify the composition and dynamics of FL in the environment. In natural samples, however, unlike their SYM counterparts that are differentiated by their hosts, free-living Calothrix and Richelia seem difficult to distinguish morphologically. Two features, "relative size between heterocyst (H) and its adjacent vegetative cell (V)" and "filament end tapering or not" were suggested to distinguish Calothrix from Richelia in their symbiotic forms (Janson et al., 1999) ; i.e. a typical Calothrix filament has a heterocyst of smaller diameter than the adjacent vegetative cell (H < V) and a slightly tapering end (Lemmermann, 1900) , whereas a typical Richelia filament (associated with either Rhizosolenia or Hemiaulus) has a heterocyst of larger diameter than the adjacent vegetative cell (H > V) and vegetative cells with constant diameters (Schmidt, 1901; Sundström, 1984) . If those features were clear, they could be adopted to differentiate the FL filaments in nature. However, some symbiotic Calothrix and Richelia (associated with Rhizosolenia and Hemiaulus) were found to have heterocysts and vegetative cells of equal diameters (H = V) (Foster and Zehr, 2006) and Rhizosolenia-associated Richelia filaments occasionally have tapering ends (Schmidt, 1901) . These two features thus in fact are invalid when used to distinguish Richelia that are associated with Rhizosolenia or Hemiaulus. Unlike Rhizosolenia or Hemiaulus, there has been no report dealing with the morphology of Richelia that are symbiotic with the diatom Guinardia. Our research in the SCS and the Kuroshio has involved many different species of symbiotic heterocystous cyanobionts, and of course their FL counterparts. This diversity allowed us to tackle the lack in our understanding of these organisms, especially the free-living ones.
Calothrix and Richelia are common in the SCS and the neighboring upstream Kuroshio in the western North Pacific (Tuo et al., 2014) . The SCS, bordered by the Asian continent, Sumatra, Borneo, the Philippine archipelago and Taiwan, is the fourth largest marginal sea in the world (IHO, 1953) . The Kuroshio, a western boundary current in the North Pacific, originates off the eastern coast of Luzon (Liang et al., 2003) . It flows north across the Luzon Strait, exchanges water with the SCS (Caruso et al., 2006) , and meanders along the eastern coast of Taiwan ( Fig. 1 ) before meeting the continental edge of the East China Sea (Jan et al., 2015) . Both the SCS and the upstream Kuroshio are strongly influenced by East Asian monsoons. The northeastern monsoon, prevailing in the cool seasons, corresponds to the formation of cyclonic gyres, while the southwestern monsoon, prevailing in the warm seasons, corresponds to anticyclonic gyres in the SCS basin (Liu et al., 2002) . With year-round high surface seawater temperature (SST), the two low-latitude waterbodies are both oligotrophic and nitrate-deficient (Chen et al., 2007) , but their nutrient dynamics in the upper water column differ somewhat. Surface salinity (Sal S ) of the SCS averages 0.4 lower than that of the Kuroshio (Chen et al., 2014) because the SCS receives more river runoff from surrounding lands. The lower salinity in the SCS has been regarded as a good proxy for the relatively higher nutrients in the upper waters than the Kuroshio (Tuo et al., 2014) . Thus, iron input through riverine plumes is probably higher in the SCS than the Kuroshio, although the aerosol iron influx is similar for both regions (Tuo et al., 2014) . The SCS generally has a shallower nitracline depth (D N ) than the Kuroshio (Chen et al., 2008) , suggesting a higher nitrate supply from the deep to upper euphotic zone in the SCS than the Kuroshio. As the Kuroshio branch intrudes into the SCS through the Luzon Strait, the ensuing upwelling brings nutrient-laden subsurface water closer to the surface of the SCS (Shaw et al., 1996) . The shallower D N in the SCS has been suggested to relate to the lower abundances of Trichodesmium (Chen et al., 2008) and Calothrix and Richelia (Tuo et al., 2014) in the SCS than in the Kuroshio.
In this study, the abundance and prevalence of FL in the SCS and the Kuroshio were investigated. Relevant ecological variables were analyzed to elucidate mechanisms that determine their dynamics. The ecological importance of FL in the tropical oceans was evaluated. An increased abundance of FL in the field may signal unfavorable nutrient conditions for symbiosis. Because the rates of N 2 -fixation and growth for ), respectively (Foster et al., 2011) , free-living life style is generally regarded to be less advantageous than symbiosis. On the other hand, the free-living stage could be a survival strategy enabling Calothrix (and potentially Richelia) to spread to new hosts under specific environmental conditions. In this study, morphological examinations based on the features derived from various field SYM samples were used to estimate the prevalence of FL. An onboard enrichment experiment tested the impacts of nutrient (nitrate, phosphate and iron) fluctuations on FL and host-specific cyanobionts. To the best of our knowledge, this is the first study reporting the temporal and spatial distributions of free-living Calothrix and Richelia.
M E T H O D Sampling strategy
Field samples were collected during 36 cruises between 2001 and 2014. The cruises were classified as those conducted during the "warm" southwestern monsoon season and the "cool" northeastern monsoon season. During each cruise, a number of the designated 31 stations were visited ( Fig. 1 ; Supplementary data, Table S1 ). A total of 115 station-samples were collected and categorized into four region-season combinations: SCS-cool, SCS-warm, Kuroshio-cool and Kuroshiowarm. At each station, water samples for biological, chemical and biochemical variables were collected from 7 to 9 depths between the surface and 200 m by 20-L Go-Flo bottles attached to a rosette frame with Seabird SBE 9 conductivity-temperature-depth sensors. To obtain a complete picture, we used some data reported previously (Tuo et al., 2014) , specifically, the abundances of heterocystous cyanobacteria and the corresponding environmental variables collected between 2001 and 2010.
Environmental variables
Physical, chemical and biochemical variables that potentially related to the abundances of FL and host-specific cyanobionts were measured. During most of the cruises, surface photosynthetically active radiation (SPAR, E m
) was recorded continuously using a shipboard irradiance sensor (QSR-2200, Biospherical ) was the average density difference between 5 and 100 m (Li, 2002) . Mixed-layer depth (D M ) was the depth of upper layer water with a density (σ t ) gradient <0.1 kg m −3 (Chen et al., 2008) . Nitrate plus nitrite concentrations (N+N) were measured by the pink azo dye method adapted for a flow injection analyzer with a copper-coated cadmium redactor and a precision of 0.1 μM (Pai and Riley, 1994) . If the concentrations were below the detection limit of 0.3 μM, they were further measured by the chemiluminescent method, which has a precision of 2 nM (Garside, 1982) . Soluble reactive phosphorus (SRP) concentrations were measured by the modified magnesium-induced co-precipitation method with arsenate interference correction and a precision of 3 nM within 10-100 nM (Thomson-Bulldis and Karl, 1998) . To better understand the availability of nutrients in the water column of each station, two kinds of variables, surface concentration and nutricline depth, were adopted for each nutrient (Supplementary data, Text S1). Surface N+N (N+N S ) and surface SRP (SRP S ) indicated not only the magnitudes of surface nutrients but also the nutrient abundances over upper water column. The nitracline depth (D N ), defined as the depth at which N+N was 100 nM (Le Borgne et al., 2002) and the phosphacline depth (D P ), at which SRP was 50 nM (Laanemets et al., 2004) , were used to describe vertical changes and as indices of nitrate and phosphate availability to phytoplankton in the upper water column. Chlorophyll a concentration (Chl) was determined by fluorescence spectrophotometry (F3010, Hitachi) after acetone extraction (Strickland and Parsons, 1972) . Surface Chl (Chl S ) and depth of the Chl maximum (D CM ) were used to indicate the magnitude of the abundance and its vertical distribution, respectively.
Heterocystous cyanobacteria and diatom hosts
Each biological sample was prepared on board by gently filtering (at <100 mm Hg pressure) a 2.4-L water sample onto a 10-μm Nuclepore polycarbonate membrane (25-mm diameter) on top of a Whatman GF/C filter paper. The membrane was then laid on a microscope slide, covered by a drop of immersion oil (Merck) and a cover slip, and kept in darkness at −20°C until microscopic examination. Calothrix and Richelia, showing an orange-yellow fluorescence with blue excitation (BP450-490/FT510/LP520), were counted at ×400 magnification with Zeiss epi-fluorescence microscopes. Bright field was also used to distinguish cyanobionts from FL. Host diatoms included Chaetoceros compressus (HostC), Bacteriastrum comosum (HostBc), B. delicatulum (HostBd), B. elongatum (HostBe), B. hyalinum (HostBh), Rhizosolenia clevei (HostR), Guinardia cylindrus (HostG), Hemiaulus membranaceus (HostHm), H. sinensis (HostHs), H. indicus (HostHi) and H. hauckii (HostHh), and their symbiotic cyanobacterial partners were identified (Tuo et al., 2014) . Thus, host-cyanobiont pairs (or host-specific cyanobionts) were abbreviated as follows: e.g. C-C (C. compressus-Calothrix) and Bc-C (B. comosum-Calothrix). The sum of all host-specific cyanobionts was called "SYM" and the sum of all free-living Calothrix and Richelia was called "FL". Depth-integrated abundances were calculated by trapezoidal integration from the surface to 100 m depth and expressed as filaments m −2 (for cyanobacteria) or cells m −2 (for host diatoms). In addition to depth-specific and integrated abundances, %FL, calculated as FL/ (FL + SYM) × 100%, was used to depict the relative importance of FL in the heterocystous populations.
Morphological examination of SYM and FL
The morphological examinations of host-specific cyanobionts were conducted on 43 station-samples from seven cruises conducted between December 2010 and October 2014 (Supplementary data, Table S1 ). A total of 13 569 SYM filaments (cyanobionts with various hosts) were checked. The morphological examinations on FL were carried out on 83 station-samples from 13 cruises conducted between December 2006 and October 2014 (Supplementary data, Table S1 ). A total of 1382 FL filaments were studied. Based on the assumption that FL and their respective cyanobionts had the same features, a sorting scheme that was derived from the morphological features of SYM was devised to sort FL. Five morphological characters were examined, including sizes of heterocyst (H), size of vegetative cell adjacent to the heterocyst (V), relative size between heterocyst and its adjacent vegetative cell (H vs. V), tapering of filament end, and number of vegetative cells in each filament. The scheme was originally attempted to sort FL to hostspecific level. The results, however, were not satisfactory. The scheme was thus used to distinguish FL to be Calothrix (FL-C) or Richelia (FL-R). The prevalence of FL-C versus FL-R and their vertical distributions and integrated abundances in the study regions were accordingly obtained. The abundance dynamics of FL-C and FL-R as well as their host-specific cyanobionts (C-C and R-R) were studied, and the effects of environmental variables on the dynamics were evaluated.
Enrichment experiment
To elucidate the effects of nutrients on the dynamics of FL, SYM and %FL, an onboard enrichment experiment was conducted at Kuroshio station K3 in the warm season (cruise OR1-1109 , 7-15 June, 2015 . The experimental seawater collected from 5 m was placed in eight 20-L acid-washed polycarbonate carboys: two each for additions of nitrate (NaNO 3 , Riedel-de Haën, 1 μM final concentration), phosphate (Na 2 HPO 4 , Panreac, 200 nM final concentration), and iron (FeCl 3 , Merck, 50 nM final concentration plus 20 μM of EDTA), and two as control. All carboys were incubated for 2 days under natural light in a plastic container circulated with continuous flow of in situ surface seawater (29.4 ± 0.2°C). Before and after the incubation, a 2.4-L aliquot of water was withdrawn from each carboy and gently filtered onto a 10-μm Nucleopore polycarbonate membrane (47-mm diameter) for microscopic examination. The numbers of FL, cyanobionts and diatom hosts were counted. The non-hosts (the host diatom species that contained no cyanobionts) were also recorded to assist our understanding of the mechanism between symbiosis and dissociation. The number of cyanobionts per host cell and the symbiotic percentage (SP) for each diatom species were also calculated (Supplementary data, Text S2). Detailed definitions are presented in Tuo et al., 2014 . For epiphytic host species (e.g. C. compressus), the number of cyanobionts per host was defined as the number of Calothrix filaments divided by the total number of diatom cells in a host chain, and its SP was calculated by chains of host diatoms (attached with Calothrix) divided by total number of chains (with + without Calothrix). Water samples for Chl measurement also were taken.
Statistical analysis
Differences among sampling stations of the four regionseason combinations in water properties, abundances and %FL were tested by one-way analysis of variance (ANOVA) and post hoc Duncan's multiple range tests. For simplicity, abundances of symbiotic Calothrix with all Bacteriastrum spp. and symbiotic Richelia with all Hemiaulus spp. were combined and treated as Bacteriastrum-Calothrix (B-C) and Hemiaulus-Richelia (H-R) symbioses and their hosts designated HostB and HostH, respectively. Statistical analyses on the fluctuations of FL and %FL were carried out on data collected from all 115 stationsamples, whereas species-specific FL-C and FL-R were based on those 83 sample-stations with morphological checks. Principal component analysis (PCA) with a correlation standardized data matrix (Jolliffe, 2002) using 24 ecological variables (12 abundance variables and 12 environmental variables, Supplementary data, Table S2 ) was performed to define the ecological pattern relating to the abundances of FL and %FL. SPAR and V SEA were omitted from the PCA due to many missing data (n = 13 for SPAR and n = 43 for V SEA ). Stepwise multiple regression analysis (Draper and Smith, 1981) was performed to determine the most important factors among the ecological variables that were related to the abundances of FL and %FL. For linearity, the values of the abundances (e.g. FL, C-C, HostC) were log 10 -transformed and the values of %FL were logit-transformed before statistical analyses. In the enrichment experiment, Student's t-test was used to examine the differences in the responses between each enrichment and the control. All the data were presented as mean ± standard error. SAS program (SAS Institute, Cary, NC) was used for all statistical procedures.
R E S U L T S Water properties
Seasonal variations in physical properties were clear in the SCS and the Kuroshio with some regional differences. In both regions, SPAR and SST differed significantly between seasons. V AIR and V SEA were higher in the cool season than the warm season. SLA was higher, but not significantly, in the warm than the cool season. The Kuroshio-warm stations had the highest SLA while the SCS-cool stations had the lowest and differences were significant. On the other hand, D M was significantly deeper in the Kuroshio than the SCS (Table I) .
Both regions had very low surface nutrients. N+N S ranged from 5 to 142 nM for SCS-warm stations and from 4 to 90 nM for Kuroshio-warm and Kuroshio-cool stations, all rarely exceeding 100 nM. In contrast, N+N S in the SCS-cool stations was relatively high, with a mean of 278 ± 129 nM and ranged from 10 to 2540 nM. SRP S was significantly lower in the warm season than the cool season in the SCS, but did not differ seasonally in the Kuroshio. Ratios of N+N S :SRP S were consistently lower than the Redfield ratio of 16, suggesting that phytoplankton growth was limited by nitrogen. D N and D P showed significant seasonal and regional differences. D N was significantly deeper in the Kuroshio than the SCS and in the warm season than the cool season in both regions. D P had the same variation pattern as D N . Seasonal differences in Chl S and D CM were also clear (Table I) .
Overall, the SCS-cool stations had the lowest SST and SLA, the highest N+N S , SRP S and Chl S , and the shallowest D N , D P and D CM . In contrast, the Kuroshiowarm stations had the highest SLA, the lowest Chl S , and the deepest D N , D P , and D CM , suggesting that phytoplankton was more likely to be limited by nitrogen and/or phosphorus in the Kuroshio in the warm season (Table I) .
Morphological examination of SYM and FL
The morphological examinations on SYM (Table II) revealed extensive overlapping of the morphological features among host-specific cyanobionts as described in the Introduction section. However, the differences between Calothrix and Richelia were discernible (Fig. 2) . The examinations revealed the Calothrix associations with B. comosum and B. delicatulum. which have never been reported before, had an H of 3 μm and was completely overlapped with that of Calothrix association with C. compressus (Table II) . The examinations also revealed for the first time the association of Guinardia-Richelia. Its H of 4-8 μm was overlapped with that of Hemiaulus-Richelia and some Rhizosolenia-Richelia. Richelia in the two host Hemiaulus species examined, H. membranaceus and H. sinensis, shared the same four morphological characters ( Table II) . Richelia that were associated with large Rhizosolenia hosts (diameter > 10 μm), including R. clevei var. clevei and some R. clevei var. communis, had heterocysts apparently larger than those of other host-specific Richelia (Table II) . Although the morphological characters of the sorting scheme could not discern the cyanobionts to host-specific level, it was effective in distinguishing cyanobionts between Calothrix and Richelia (Fig. 2) .
The sorting of the 13 569 filaments of SYM revealed that most symbiotic Calothrix (including 72.3% of C-C and 100% of B-C) had the characters of an H of 3 μm, H < V (C-C: 89.9%; B-C: 100%), and with tapering ends (100%). The remaining Calothrix (27.3% of C-C) that had an H of 4-5 μm, which was overlapped with that of some Richelia, could be distinguished by their characters of being H ≤ V and having tapering filament (Fig. 2) . Richelia generally had an H larger than that of Calothrix. Most R-R (93.6%) had H in the range of 9-14 μm and Richelia in this size range were mostly associated with large-sized Rhizosolenia hosts, including all R. clevei var. clevei and some var. communis with diameter > 10 μm (n = 1948, Table II ). On the other hand, Richelia that had an H of 4-8 μm were associated with small-sized R. clevei var. communis (≤10 μm, n = 256), Guinardia (n = 1444) or Hemiaulus (n = 8430). These groups with filaments with H of 4-8 μm and H > V were highly overlapped and thus not distinguishable (Fig. 2 ). This range contained all H-R (100%), most of G-R (98.7%) and a small percentage of R-R (6.4%). Among the 1382 FL filaments that were sorted based on their morphological characters, 87.3% had H = 3 μm and were classified as Calothrix (FL-C); the remaining 12.7% had H = 9-14 μm and was classified as RicheliaRhizosolenia (FL-R). No FL filament was undistinguishable because there was no filament with H = 4-8 μm; i.e. all FL-R were likely originated from Rhizosolenia and none from Hemiaulus or Guinardia. In the 87.3% FL-C, 79.1% were H < V, 8.2% H = V and all filaments had tapering ends. In the 12.7% FL-R, all filaments were H > V, and only 0.3% had a tapering end. The remaining 12.4% did not have tapering end (Table III) .
FL abundance
The vertical distribution of FL abundance was similar to that of C-C and R-R. ) was also relatively low when compared to that of SYM or major host-specific cyanobionts, such as C-C, R-R, Hm-R and Hs-R. The most prevalent host-specific cyanobionts were Hs-R in the SCS and R-R in the Kuroshio (Table IV) . Chaetoceros compressus was the most abundant host (Supplementary data, Table S3 ). Among the four region-season combinations, FL was most abundant in the Kuroshio-warm stations. The SCS-cool stations had the lowest abundances of FL, C-C and R-R (Table IV) . PCA showed clear regional and seasonal contrasts in the dynamics of FL abundance. Cumulatively, the first (PC1, 25.7%) and the second (PC2, 14.1%) principal components explained 39.8% of the system variance. PC1 depicted mainly the effects of seasons, in which high abundance of FL was related to high SST, deep D N , D P and D CM , and low SRP S and Chl S , reflecting the water properties of the warm season. High abundances of C-C, R-R, G-R and their hosts were also positively related to PC1. PC2 mainly depicted variations that reflected water-column mixing, which distinguished the SCS-cool and Kuroshio stations from the SCSwarm stations (Supplementary data, Table S2 ). The plot of PC1 vs. PC2 clearly shows that the Kuroshio-warm stations had the highest FL abundance (Fig. 3) . The Kuroshio-warm stations were distributed mostly in Quadrant I and had the greatest SLA, D N , D P and D CM . These stations also had more abundant C-C, R-R, and corresponding HostC and HostR. The SCS-cool stations, by contrast, were distributed mostly in Quadrant II. These stations had the lowest abundances of FL, cyanobionts and hosts, and were characterized by high N+N S , SRP S and Chl S and shallow D N , D P and D CM . Quadrants III and IV were occupied mostly by the SCS-warm stations (Fig. 3) . Correlation coefficients also showed that FL abundance were correlated simultaneously with many ecological variables, which were often correlated with each other (Supplementary data, Text S3; Table S4-S6) .
Multiple regression analysis revealed that the dynamics of FL abundance was best described by SST (partial t = 3.47, P < 0.01), the abundance of C-C (partial t = 2.97, P < 0.01) and D N (partial t = 2.80, P < 0.01). The final best regression equation was: Fig. S2A ), whereas D N represents regional differences and a seasonality effect in the SCS (Table I , Supplementary data, Fig. S2B ). C-C abundance was positively related to FL abundance when the SCS and the Kuroshio data sets were analyzed either combined (Supplementary data, Fig. S2C ) or separated (SCS: r = 0.44, n = 82, P < 0.0001; Kuroshio: r = 0.33, n = 33, P = 0.06). C-C abundance was also highly correlated with SST (partial t = 2.75, P < 0.01) and D N (partial t = 2.01, P < 0.05) and the relationship was depicted as:
008 2 10 N (R 2 = 0.14, P = 0.0002, n = 115). However, C-C abundance could also be a proxy for other host-specific cyanobionts because it was positively correlated with the abundances of B-C, R-R, G-R and H-R. Among those four host-specific cyanobionts, only the abundance of R-R was positively correlated with SST and D N ; i.e. the distributions of C-C and R-R were parallel and both abundances fluctuated with SST and D N (Supplementary data, Table S5 and S7). Multiple regression analysis showed that if C-C was pre-excluded from the variable selections, R-R (partial t = 2.42, P < 0.05) was selected in the best equation: (R 2 = 0.32, P < 0.0001, n = 115). The associated factor R-R abundance was also positively related to FL abundance when the SCS and the Kuroshio data sets were analyzed either combined (Supplementary data, Fig. S2D ) or separated (SCS: r = 0.32, n = 82, P < 0.01; Kuroshio: r = 0.46, n = 33, P < 0.01). R-R was also highly correlated with SST (partial t = 3.24, P < 0.01) and D N (partial t = 3.22, P < 0.01) and the relationship was depicted as: When FL were examined separately, the abundances of FL-C and FL-R were positively correlated with each other (r = 0.41, n = 83, P = 0.0001) and both were positively correlated with the overall abundance of FL (with FL-C: r = 0.92, P < 0.0001; with FL-R: r = 0.62, P < 0.0001). Both of the abundances of FL-C and FL-R, similar to that of overall abundance of FL (Supplementary data, Fig. S2 ), were (n = 62) (n = 9) (n = 24)
Total ( 
%FL dynamics
The vertical distribution of %FL, which increased with depth, was not parallel to that of FL (Supplementary data, Fig. S1 ). This vertical %FL pattern could be attributed to very low SYM abundance in deep waters. To avoid such a bias due to few SYM at depth, %FL was calculated and analyzed based on depth-integrated abundances of FL and SYM in a station. The depthintegrated %FL for all samples averaged 8.5 ± 1.0% (n = 112) with a wide range of fluctuation (0-63.7%). The SCS-cool stations had the lowest %FL (3.8 ± 1.0%) and the Kuroshio stations had the highest (Kuroshio-cool: 13.7 ± 4.5%; Kuroshio-warm: 12.0 ± 1.5%). Unlike FL, which was more abundant in the warm than the cool season, %FL did not differ seasonally (P > 0.05) in each region. In the cool season, the Kuroshio stations had higher %FL than the SCS stations (Table IV) . Similar to FL abundance, %FL was significantly correlated with many ecological variables (Supplementary data, Table S4 ). Multiple regression analysis showed that D P (partial t = 2.68, P < 0.01) and SST (partial t = 2.39, P < 0.05) were significantly positively associated with the dynamics of % FL. The best regression equation depicting the relationship was:
4.70 0.006 0.105SST 5 P (R 2 = 0.17, P < 0.0001, n = 112). In the equation, D P indicated regional differences. The positive relationship between %FL and D P suggested that low phosphate availability led to high %FL (Supplementary data, Fig. S4A ), which was a probable result of dissociation of some cyanobionts from their hosts. Whether symbiosis  of cyanobionts and diatom hosts was increased with more phosphate was tested in the enrichment study. On the other hand, SST indicated seasonality in the SCS, where %FL was higher in the warm than the cool season (Supplementary data, Fig. S4B ). The mechanism of the positive effect of SST on %FL was complicated. As above, SST indicated seasonality in the SCS (Supplementary  data, Fig. S2A ). When analyzed separately, SST was significantly related to %FL in the SCS (r = 0.36, P < 0.01), but not in the Kuroshio (r = 0.06, P > 0.10). In the multiple regression analysis of the SCS data set, SST was the only ecological variable in the best regression equation:
6.313 0.168SST 6 (R 2 = 0.13, P < 0.01, n = 79). No variable was significant in analyses of the Kuroshio data set (n = 33). Thus, SST was not a good factor to track the dynamics of % FL in both waterbodies. (Fig. 4A) . The stations at 0 m D N had a surface N+N S >100 nM, indicating a relatively abundant nitrate supply. Another indicator was needed to address the relationship between nitrate availability and %FL among these stations. Further analyses showed that %FL increased significantly with decreasing SI and decreasing SI was associated with increasing D M (r = −0.86, P < 0.01, n = 8) (Fig. 4B ). In stations with D N up to 37.3 m, %FL seemed to decrease with increasing D N (Fig. 4C) . In contrast to those two conditions, %FL was positively related to D N in the stations with D N of 37.3-88 m. In those stations, %FL was also positively related to D P (Fig. 4D ) and the correlation coefficient was higher than that for %FL and D N (Fig. 4C ), because D P and D N were positively correlated with each other (r = 0.58, P < 0.0001, n = 46). %FL in (R 2 = 0.30, P < 0.01, n = 33). The vertex of the equation and the critical point was 67.8 m (Fig. 5A) . When D N was <67.8 m, %FL decreased with increasing D N (Fig. 5B) ; when D N was >67.8, %FL increased with increasing D N and D P (Fig. 5C ), because D P and D N were positively correlated (r = 0.51, P < 0.05, n = 22).
Both of the quadratic equations (7 and 
Enrichment experiment
Before the incubation, the initial seawater was relatively depleted in N+N (5 nM Table S8 ).
After the incubation, the final %FL in the nitrate enrichment was significantly higher than the control, whereas the final %FL in the phosphate and iron enrichments were significantly lower (Fig. 6A) . FL abundance was slightly higher in the control than the other treatments, but the differences between treatments and the control were not significant (P > 0.10), except for the iron enrichment, which was significantly lower than the control (Fig. 6B) . By contrast, SYM abundance was significantly higher in the phosphate enrichment and was significantly lower in the nitrate enrichment (Fig. 6C) . The numbers of cyanobionts per host were significantly higher in the phosphate and iron enrichments (Fig. 6E, I and M). The SPs of the host diatoms were significantly lower than the control when nitrate was enriched (Supplementary data, Table S8 ).
In the nitrate enrichment, %FL (Fig. 6A ) enhancement was mainly due to the significant decreases in the abundances HostC and HostR (Fig. 6F and J) , which led to the reduced SYM abundance (Fig. 6C) , including C-C and R-R (Fig. 6D and H) . The significantly lower SPs for C. compressus and R. clevei (Supplementary data, Table S8) suggested that dissociation had occurred in C-C and R-R after nitrate addition, although the abundance of FL (Fig. 6B) and cyanobionts per host cell seemed unchanged (Fig. 6E, I and M). Increases in abundances of non-hosts ( Fig. 6G and K) and the doubling of Chl (Supplementary data, Table S8) suggested that non-diazotrophic phytoplankton apparently flourished. The decreases of HostC and HostR were likely due to being out-competed by the growth of non-diazotrophic phytoplankton, which could have quickly consumed nutrients like phosphorus and iron that might threaten the symbiosis.  Fig. 6 . Changes in (A) %FL, (B) FL and (C) SYM abundances as well as changes in abundances of specific cyanobionts, number of cyanobiont per host cell, and abundances of corresponding host diatoms and non-host diatoms for (D-G) Chaetoceros-Calothrix, (H-K) Rhizosolenia-Richelia, and (L-O) Hemiaulus-Richelia symbioses in response to the control (C) and nitrate (N), phosphate (P) and iron (Fe) enrichments. †, * and ** indicate P < 0.10, <0.05 and <0.01, respectively, when compared to the control.
The decrease of %FL after phosphate enrichment was mainly due to significant increases in the abundances of HostC and HostHm (Fig. 6F and N) as well as in number of cyanobionts per host cell (Fig. 6E and M) , the two responses clearly indicated enhancement of the symbioses. These two aspects resulted in a significant increase in SYM abundance, including C-C and Hm-R (Fig. 6D  and L) . Because of this significantly higher SYM (Fig. 6C ) and the relatively constant FL (Fig. 6B) , %FL decreased significantly in phosphate enrichment (Fig. 6A) . The similar abundances of FL (Fig. 6B ) and non-hosts (Fig. 6G, K and O) in this treatment and the control suggested that dissociation should be rare after phosphate addition. The low Chl in this treatment (Supplementary data, Table S8 ) indicated that the key limiting element in determining the growth of non-diazotrophic phytoplankton in the study water was nitrogen, not phosphorus.
The decrease of %FL after iron enrichment (Fig. 6A ) might be due to the significant decrease in FL abundance (Fig. 6B ) and the significant increase in number of cyanobionts per host (Fig. 6E, I and M) that led to a slight increase in SYM (Fig. 6C) . These and the similar abundances of host and non-host diatoms in this treatment and the control (Supplementary data, Table S89 ) suggested rare dissociation after iron addition. Low Chl in this treatment (Supplementary data, Table S8) suggested that iron enrichment might maintain the growth of diazotrophic symbiosis, but not non-diazotrophic algae.
The status of the control group, which had slightly higher Chl than the initial, could have indicated severe nutrient depletion after incubation. %FL increased from initial 10.1% to final 14.6 ± 1.7%. The elevated %FL could be due to the doubling in FL abundance (Supplementary data, Table S8 ), although SYM abundance also increased some. The slight decrease of SP for C. compressus and R. clevei suggested that some dissociation probably had occurred during the incubation.
D I S C U S S I O N Possible bias from the sampling process
In this study, we used Go-Flo bottles to collect seawater and gentle vacuum filtration for concentration. Bottle sampling and positive pressure filtration (by gentle vacuum or gravity) are the most widely used methods for collection and concentration of cyanobionts (e.g. Carpenter et al., 1999; White et al., 2007; Foster et al., 2011) . However, both procedures could affect cell detachment. Thus, our data on FL abundance and %FL might have been overestimated, especially for Calothrix because its epiphytic nature could facilitate detachment from the hosts. Nevertheless, our enrichment experiment results indicated that %FL dynamics in the field was not merely a sampling effect. The results showed that treatments had different %FL than the control (Fig. 6A ) even though all treatments had the same collecting and concentrating processes. The number of cyanobionts per host cell also differed significantly among treatments for all three diatom species, including Calothrix per HostC (Fig. 6E, I and M). The similar responses for each nutrient on the dynamics of %FL in the enrichment study and the field study ( Fig. 6 ; Supplementary data, Table S8 ) further supports the %FL patterns in our field data. Specifically, %FL increase after nitrate addition and decrease after phosphate addition paralleled the nega- , n = 11) acquired in the western North Pacific by pouring from a bottle and Utermöhl concentration (Gómez et al., 2005) , even though both methods might have biased the data and samples were from different areas with different ecological factors. The Utermöhl technique has been shown to underestimate some phytoplankton during sedimentation. A long 100 mL Utermöhl cylinder was suspected to have strong convection currents that could hinder sedimentation (Hasle, 1978) . In addition, phytoplankton, especially chain-forming species such as setae-bearing Chaetoceros, could attach to the cylinder wall (Utermöhl, 1958; Paasche, 1960) . We suggest a very gentle concentration technique, such as reverse filtration for future studies.
Morphological differences among host-specific cyanobionts
To the best of our knowledge, this is the first report in which the morphological features of the cyanobionts that were associated with B. comosum, B. delicatulum and G. cylindrus have been studied. Among the eight different host-specific cyanobionts examined (Table II) , C-C, R-R, G-R and H-R could not be differentiated completely by the morphological features we used in the present study. Similar results have been observed in previous studies (Lemmermann, 1900; Schmidt, 1901; Sundström, 1984; Janson et al., 1999; Foster and Zehr, 2006) . On the other hand, although morphological features could not be used to distinguish FL to their origin host-species level, they can be used to differentiate FL as Calothrix or Richelia, with the assumption that morphologically FL and SYM do not differ.
The prevalence of free-living Calothrix vs. Richelia
In the FL samples that were examined, Calothrix was more prevalent (87.3%) than Richelia. All FL-R morphologically looked like symbiotic Rhizosolenia-Richelia. The positive relationships between the abundances of FL and C-C and R-R suggested that FL mainly could have been dissociated from their SYM filaments. Calothrix was expected to become FL because of its epiphytic nature. In addition, FL-C was expected to survive better longer than free-living Hemiaulus-associated Richelia, which has a genome lacking nitrogen-metabolic pathways, thus necessitating a symbiotic association (Hilton et al., 2013) . FL-C has been cultured successfully (Foster et al., 2010) , indicating that it can survive and reproduce in its freeliving form.
Although the genome of Rhizosolenia-Richelia is unknown, occurrence of free-living Rhizosolenia-associated Richelia is likely, given our morphological results. Free-living Rhizosolenia-associated Richelia were previously detected with molecular techniques (Zhang et al., 2011) in the same study area of the SCS as the present research. Richelia has been suggested to be able to escape from moribund Rhizosolenia hosts (Villareal, 1989; Gómez et al., 2005) . All this indicates the likelihood that Rhizosolenia-Richelia could survive better than Hemiaulus-Richelia when in a free-living condition. The genomic inventory of Rhizosolenia-Richelia should be tested to determine whether it is a facultative cyanobiont.
The lack of heterocysts in the size range of 4-8 μm in the FL filaments implies that dissociation of Richelia from Guinardia or Hemiaulus is unlikely. HemiaulusRichelia has been considered as an obligate cyanobiont that could not live independently (Hilton et al., 2013) , echoing our results. In field studies, Hemiaulus spp. have often been found to have a high SP of 70-100% (Villareal, 1994; Tuo et al., 2014) , so as G. cylindrus, with an even higher percentage of~100% (Heinbokel, 1986; Tuo et al., 2014) . Future study on the genome of Guinardia-Richelia could determine whether it is an obligate cyanobiont.
The fates of free-living Calothrix and Richelia and their possible roles in the carbon and nitrogen cycles are still unclear. Rhizosolenia-Richelia lacks gas vesicles and is thought to sink rapidly and occur rarely when free-living (Janson et al., 1995) . It is still unknown whether Calothrix possesses gas vesicles. The laboratory culture of Calothrix PCC7507 is toxic to crustaceans (Höckelmann et al., 2009) . If free-living Calothrix (and Richelia) had no gas vesicle and was avoided by major grazers, a greater portion of the nitrogen and carbon they fix would be sequestrated to the deep rather than re-cycled in the upper water column.
Effects of nitrate
Nitrate was the primary nutrient affecting FL abundance and %FL. Nitrate depletion has been suggested to promote symbiosis and decrease dissociation (Villareal, 1989; Tuo et al., 2014) . In our field study, high nitrate availability (shoaled D N ) was related to high %FL when D N was not too deep to have a concurrent phosphorus deficiency (equations (7) and (8)). This relationship was supported by our experimental study. Replete nitrate would fertilize the non-diazotrophic algae including non-host diatoms, whose growth out-competed the growth of host diatoms and also reduced the number of cyanobionts in each host. Because symbiosis was suppressed, SYM abundance decreased. Nitrate-induced dissociation was reflected by the balance between hosts and non-hosts that clearly showed decreased SPs after nitrate addition ( Fig. 6 ; Supplementary data, Table S8 ) (Tuo et al., 2014 ). An increased FL abundance observed in a previous nitrate enrichment experiment suggested the dissociation (Tuo et al., 2014) . Surprisingly, our experiment did not show increased FL (Fig. 6B) . There are two possible explanations for this. First, dissociated FL were lysed by the rapid growth of heterotrophic bacteria. The incubation temperature (29.4°C) in the present study was much higher than that (25.9°C) in the previous experiment (Tuo et al., 2014) . Growth of heterotrophic bacteria is expected to be greatly enhanced at elevated temperature and higher dissolved organic carbon (DOC) concentrations (Shiah and Ducklow, 1997; Shiah et al., 2000) . Although there was no measurement of DOC in the present study, significantly higher Chl in the nitrate enrichment than in the control and initial indicated that phytoplankton growth was promoted and DOC could be produced concurrently (Zlotnik and Dubinsky, 1989; Kirchman et al., 1991) . With this high incubation temperature and high DOC, growth of heterotrophic bacteria would be enhanced. Consequently, the lysis of FL would proceed rapidly. Second, the 2-day incubation in the present study may have been too short for a significant change in FL abundance; in the previous experiment, the significant increase of FL was not observed until the fourth day of the incubation (Tuo et al., 2014) .
In our field data, the effect of nitrate on %FL was especially apparent at the SCS-cool stations, which had the highest N+N S of all stations as well as D N of 0 m. In the cool season, when the northeastern monsoon is prevalent in the SCS, strong winds and low temperatures may induce upwelling (Liu et al., 2002) and result to the high N+N S . Meanwhile, the intrusion of the Kuroshio branch to the northern SCS in the cool season may increase mixing of the upper SCS water (Shaw et al., 1996) . Increase in %FL (Fig. 4B ) could have been caused by the replete nitrate from mixing (Freeland et al., 1997; D'Ortenzio et al., 2014) .
Effects of phosphate and iron
Our field data indicate that %FL increased when phosphate was depleted, even though nitrate was also low and favored symbioses (Figs 4 and 5) . Our experimental results clearly showed that sufficient phosphate and iron would enhance symbiosis, hinder dissociation and result in low %FL (Fig. 6A) . On the other hand, the increase of %FL in the control compared to the initial condition could have been due to depletion of phosphate and iron during incubation.
Significant decreases in %FL in the phosphate-and iron-enriched treatments were probably not caused by contamination of phosphate or iron during nutrient amendment (Supplementary data, Text S4). Low %FL (<1%) also has been reported in a laboratory study of R-R symbiosis (Villareal, 1989) when the culture was maintained in nitrate-depleted MET-44 medium with K/50 level of trace metals that contained 2580 nM of phosphate (Schöne and Schöne, 1982) and 234 nM of iron (Keller et al., 1987) . All of the above suggested that symbioses should be maintained and dissociation should be low when supplies of phosphate and iron were sufficient in waters depleted in nitrate.
Sufficient phosphorous and iron are crucial to maintain the symbioses. The phosphate requirement for diatom-cyanobiont symbioses is expected to be higher than the individual requirement for either partner. According to the fact that SYM reportedly have N 2 -fixation rates 170-420 times and growth rates five times those of FL (Foster et al. 2011) , the needs of SYM for phosphate and iron would far exceed the demands of FL in order to cope with high-metabolic rates. The N 2 -fixation rate of R-R doubled when phosphate-depleted (<30 nM) seawater was supplemented with 0.5-5 μM of phosphate, clearly demonstrating the importance of sufficient phosphate in maintaining the metabolic rates of cyanobionts (Mague et al., 1974) . On the other hand, physiological difficulties in phosphate shortage have been observed in other eukaryotic-N 2 -fixing cyanobacterial symbioses, including Azolla (an aquatic fern) with Anabaena (Watanabe et al., 1989) , Epithemia and Rhopalodia (freshwater diatoms) with an unidentified coccoid cyanobacterium (DeYoe et al., 1992) . For Epithemia and Rhopalodia hosts, phosphate limitation uncoupled the negative relationship between the nitrate availability and their endosymbiont load, which was suggested to be due to the needs to reduce the hosts' metabolic costs (DeYoe et al., 1992) .
Cyanobionts themselves generally have lower nutrient demands than their hosts due to their smaller cell size. As a result, during shortages of essential nutrients such as phosphorus and iron for host survival, their metabolism was downregulated, and the hosts could not keep their cyanobionts. Dissociation from the dying hosts could be regarded as a survival strategy for the cyanobionts. The free cyanobionts could survive with low metabolic rates by obtaining nutrients directly from surrounding seawater, rather than in symbiosis and forced to maintain N 2 -fixation rates 100-times greater, which would exhaust essential nutrients and kill themselves. 
Effects of physical forcing
SST was the best proxy among physical factors to describe FL dynamics. In the North Pacific, high SLA is related to increased SYM abundance and suggests the horizontal input of phosphate to the well-lit upper ocean (Church et al., 2009) . In this study, both principal component and multiple regression analyses indicated that SST, rather than SLA or other physical variable, was best correlated with FL and %FL dynamics, although the effects of other co-varying physical factors could not be ruled out.
The thermal effects on FL abundance have not been examined previously. The positive relationship between FL and SST in our field data (equations (1) and (3); Supplementary data, Fig. S2A ) seem consistent with the results for several Baltic heterocystous species living in cold regions that always bloom in mid-summer when temperature is the highest (~17°C); growth increased further at laboratory temperatures higher than the maximal temperature of the field (22°C for Aphanizomenon flos-aquae; 21°C for Dolichospermum sp.; 28°C for Nodularia spumigena) (Lehtimäki et al., 1997; Brutemark et al., 2015) . On the other hand, the significant positive correlations of SST with FL abundance could be due to high SST in nature usually being accompanied by low-nutrient abundance, as we observed in the field.
The enrichment experiment also clearly indicated that under the same physical conditions (including SST, SPAR and water mixing), nutrient variation affected the dynamics of FL and %FL. The results agree with the multiple regression equations on FL (equations (1) and (3)) and %FL (equation (5)), in which nutrient variables (D N or D P ) exerted effects while SST was already included in the equations. More still needs to be learned about the effect of temperature and the possible synergistic effects of thermal-nutrient interactions on the dynamics of FL.
C O N C L U S I O N S
In the SCS and the Kuroshio, FL population was composed mainly by Calothrix and sometimes by Richelia that originally was associated with Rhizosolenia. Based on morphological features, no FL filament was originally associated with Guinardia or Hemiaulus. High and positive correlations between the abundance of FL and the abundances of C-C and R-R suggested that dissociation of C-C and R-R symbioses could be important sources of FL. Our enrichment study showed that sufficient phosphate and iron are crucial to promote and maintain the symbiosis and hinder dissociation. To the contrary, when nitrate was replete or when nitrate was depleted and supplies of phosphate and iron were limited, the symbiosis would be depressed and dissociation occurs. This is in accordance with the negative relationship found between D N and %FL and the positive relationship between D P and %FL in the field data. Under these unfavorable conditions for symbioses, cyanobionts would be dissociated and become free-living, which provides them with a chance to survive and wait for suitable nutrient conditions before seeking new host diatoms. FL might reassociate with diatom hosts to form new symbioses and those cyanobionts prosper with hosts when nitrate was limited and phosphate and iron were bioavailable, a condition favoring N 2 fixation. Free-living could be an important ecological strategy to sustain populations of Calothrix and Rhizosolenia-Richelia. Genomic study of Rhizosolenia-associated Richelia should be carried out in the future to determine whether it is a facultative cyanobiont.
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